INTRODUCTION
Since the first description of asymmetrically distributed actin mRNA in ascidian embryos (Jeffrey et al., 1983) , localized transcripts have been identified in organisms from mice to men, frogs to flies, and most recently plants and fungus. The classic examples of localized messages primarily include embryonic polarity determinants: oskar, bicoid, nanos, and other mRNAs strategically positioned to define the primary axes of the Drosophila oocyte; Vg1 and other messages enriched in the vegetal hemisphere of the frog oocyte; and actin and myelin basic protein messages transported to specialized regions of highly polarized cells (St. Johnston, 1995) . Most recently, ASH1 mRNA localization to the bud tip in yeast (Long et al., 1997; Takizawa et al., 1997) and differential segregation of expansin mRNAs to apical and basipetal ends of xylem precursor cells (Im et al., 2000) demonstrate that fungi and plants also asymmetrically distribute specific mRNA transcripts.
Live cell imaging of mRNA dynamics provides the opportunity to examine transport (path and rate) as well as anchorage (site and range) of mRNA in real time. Green fluorescent protein (GFP) labeling of nucleic acids is mediated through site-specific DNA or RNA binding proteins. The Escherichia coli transcriptional regulatory elements for the lactose operon (lacI and lacO) and the tetracycline operon (tetR and tetO) have been used as markers for chromosomal movements (Robinett et al., 1996; Michaelis et al., 1997) . In parallel to DNA binding proteins, GFP fusions with sitespecific RNA binding proteins are being used to visualize and track mRNA in living cells. Three investigators have independently constructed systems for the in vivo imaging of mRNA in live yeast cells. Two systems use the RNA binding coat protein (CP) of the bacteriophage MS2 (Bertrand et al., 1998; Beach et al., 1999) and a third uses the U1A splicing protein . Additionally, the MS2 coat protein-based system has been successfully applied to mammalian cells to image mRNA transport in living neurons (Rook et al., 2000) .
The localization of ASH1 mRNA in budding yeast has provided an informative model system for mRNA transport and anchorage, combining live cell imaging, biochemistry, and genetics. Ash1p is a transcription factor that is segregated to the daughter cell nucleus providing an asymmetric cell fate determinant. The ability of haploid yeast cells to change mating types (a to ␣ and/or ␣ to a) is observed in mother cells; new daughter cells rarely switch mating type. Ash1p inhibits mating type switching in daughter cells by blocking HO endonuclease transcription (Bobola et al., 1996; Maxon and Herskowitz, 2001; Sil and Herskowitz, 1996) . Cleavage of the HO endonuclease site at the mating type locus initiates mating type switching. A separate activity of Ash1p is required for cells to enter unipolar (pseudohyphal) growth (Chandarlapaty and Errede, 1998) . Ash1p asymme-try requires a set of proteins originally identified as regulators of HO endonuclease expression (Bobola et al., 1996; Jansen et al., 1996; Sil and Herskowitz, 1996) . SHE1-SHE5 (for Swi5-dependent HO expression) regulates HO production, ultimately through the localization of the ASH1 mRNA.
Daughter-specific inheritance of Ash1p is maintained by localizing the ASH1 mRNA to the bud. Domains within the coding region and the 3Ј untranslated region (UTR) of the ASH1 mRNA encode signal sequences directing mRNA transport and anchorage within the bud (Chartrand et al., 1999; Gonzalez et al., 1999) . Functional analyses of the she mutants have defined the steps in mRNA localization. In the absence of an individual She protein, the ASH1 mRNA remains within the mother cell (she1/myo4), relocalizes to the neck (she5/bni1), or is distributed between the mother and the bud (she2, she3, she4).
Diffusion of proteins or mRNA from the bud into the mother may be inhibited at the neck via a barrier maintaining asymmetries between mother and bud. A genomic DNA array screen probing for additional transcripts associated with the She proteins (She1p/Myo4p, She2p, She3p) identified several genes, including IST2 . The IST2 mRNA is localized in a SHE1-5-dependent manner, similar to the ASH1 transcript, and Ist2p is predicted to be an integral membrane protein, restricted to the bud cortex by a septin-dependent barrier at the mother-bud neck . The septin barrier restricts several proteins, including Spa2, Myo2p, Sec3p, and Sec5p to the bud and maintains actin patch asymmetry (Barral et al., 2000) . The presence of a septin-dependent barrier at the mother-bud neck delineates mother and bud cortical regions by maintaining the distribution of proteins between compartments. Potentially, such a barrier at the neck could inhibit the flow of both cortical and cytoplasmic factors, including proteins and mRNA.
The power of yeast genetics, combined with recent advances in multimode fluorescence microscopy, facilitates the dissection of the mRNA localization pathway. Once exported from the nucleus, ASH1 mRNA transcripts coalesce into particles. Assembled particles are transported from the mother into the bud via actin cables, and once in the bud, the mRNA is constrained to the bud tip. We present a series of time-lapse sequences with this article to document aspects of mRNA dynamics in live cells.
MATERIALS AND METHODS

Growth Media and Yeast Strains
Wild-type cells were grown in YPD (2% glucose, 1% yeast extract, 2% peptone). Cells transformed with plasmids were grown on selective synthetic glucose based media (SD: 0.67% yeast nitrogen base, 2% glucose) lacking uracil, histidine, or both. To induce CP-GFP, CP/FG-GFP, GFP-Yta6, or GFP-Yta6-ASH1 production from pCP-GFP, pCP/FG-GFP, pGFP-YTA6, or pDB100, respectively, cells were switched to SD-MET for 1-2 h.
The strains used in these studies are listed in Table 1 . Gene deletions were constructed by polymerase chain reaction (PCR) fragment-mediated transformation to replace the coding region of the target gene with a selectable marker as noted in Table 1 (Wach et al., 1994) . Deletions were verified by PCR with the use of primers flanking the coding region. Deletion and verification primer sequences are available upon request.
For live-cell imaging, cells were transferred onto growth chambers mounted on glass slides. Chambers were constructed as described in Shaw et al. (1997) with the use of SD-COMPLETE (synthetic dextrose media with a complete complement of nutritional supplements) or SD-MET (used to maintain induction from plasmids as listed above) supplemented with 0.25% gelatin (catalog no. G-2500; Sigma, St. Louis, MO). Mid-log phase cultures (OD 660 ϭ ϳ0.4 -0.8) were concentrated ϳ20 -50-fold before cells were added to the growth chamber. To arrest and maintain cells with large buds, cells were treated with 100 M nocodazole to inhibit mitosis. Cells were arrested for 4 h before the induction of GFP-YTA6-ASH1. Because the ASH1 mRNA localization is microtubule-independent, it is not affected by nocodazole treatments (Long et al., 1997; Takizawa et al., 1997) .
To determine the frequency of green RNA (gRNA) spots within cell populations we observed cells of different genotypes (Table 2) coexpressing pIIIA/ASH1-UTR and pCP/FG-GFP. Cells grown to mid-log phase (OD 660 ϭ ϳ0.4 -0.8) in SD-URA-HIS were washed in SD-MET, resuspended in 2 volumes of SD-MET, and incubated for 1 h at 30°C to induce production of the MS2-CP/FG-GFP fusion protein before observation. Cells were placed onto microscope slides pretreated with 0.1% poly-l-lysine to minimize movements during observations. The proportion of cells containing fluorescent spots within the population was determined by direct observation.
To determine whether the MS2 binding site (AAACATGAGGAT-TACCCATGT) is present within the Saccharomyces cerevisiae genome, the nucleotide sequence of the MS2 sites was submitted to a Blast search of the entire yeast chromosomal genome with the use of default settings (http://genome-www2.stanford.edu/cgi-bin/ SGD/nph-blast2sgd). No hits were reported from a search completed January 25, 2001 (database posted September 13, 2000). MATa trp-⌬63, leu2⌬1, ura3-52, his3⌬200, lys2-8⌬1 Bi et al. (1998 ) JZY1345 MAT␣ trp1-⌬63, leu2⌬1, ura3-52, his3⌬200, lys2-8⌬1, bud6⌬ϻTRP1 Amberg et al. (1997 ) KBY1011 MATa trp-⌬63, leu2⌬1, ura3-52, his3⌬200, lys2-8⌬1, bni1⌬ϻLEU2 Beach et al. (1999 s Beach et al. (1999 This study KBY1019 MATa trp-⌬63, leu2⌬1, ura3-52, his3⌬200, lys2-8⌬1, she4⌬ϻHPH This study KBY1020 MATa trp-⌬63, leu2⌬1, ura3-52, his3⌬200, lys2-8⌬1, she4⌬ϻHIS3, she2⌬ϻHPH This study KBY1021 MATa trp⌬63, leu2⌬1, ura3-52, his3⌬200, lys2-8⌬1, she4⌬ϻHIS3 This study KBY1027 MATa trp-⌬63, leu2⌬1, ura3-52, his3⌬200, lys2-8⌬1, yta6⌬ϻKAN This study KBY1046 MATa trp-⌬63, leu2⌬1, ura3-52, his3⌬200, lys2-8⌬1, bni1⌬ϻLEU2, bud6⌬ϻTRP1 This study
YEF473A
Plasmid Construction
The gRNA labeling system uses the plasmids pCP-GFP, containing a fusion between the MS2 coat protein and GFP, and a pIIIA/MS2-1-derived plasmid (SenGupta et al., 1996) containing the ASH1 3Ј UTR. gRNA ASH1 imaging required plasmids pCP-GFP and pIIIA/ ASH1-UTR (Beach et al., 1999) . gRNA KAR9 imaging required pCP-GFP and pIIIA/K9UTR (Beach et al., 1999) . The plasmid pGFP-YTA6 is a generous gift of Don Katcoff (Bar Illam University, Ramat Gan, Israel), and includes an expression cassette for the green fluorescent protein fused to the amino terminus of the full-length YTA6 coding region expressed from the MET25 promoter.
The plasmid pCP/FG-GFP was constructed in a similar manner to pCP-GFP (Beach et al., 1999) . Briefly, the MS2 coat protein dlFG allele (Peabody and Ely, 1992) was amplified from pCT14-MS2-GFP (Bertrand et al., 1998) via PCR and ligated into the BamHI-XbaI sites of pUG23. The dlFG allele of the MS2 coat protein is deleted for the FG loop required for oligomerization of the protein and viral capsid formation (Peabody and Ely, 1992) . Cells coexpressing CP-GFP and the MS2-ASH1 3Ј UTR transcript were indistinguishable from cells coexpressing CP/FG-GFP and the MS2-ASH1 3Ј UTR transcript (our unpublished results).
To construct pDB100, a PCR fragment containing the MS2 binding sites and E3 portion (Chartrand et al., 1999) of the ASH1 3Ј UTR from pIIIA/ASH1-UTR was generated. The fragment was cut with EcoRI at a site adjacent to the MS2 coat protein target sequence, which was filled in via Klenow polymerase to form a blunt end, and HindIII at a site incorporated into the downstream primer. The cut fragment was ligated into pGFP-YTA6 cut within the polylinker region downstream of the YTA6 coding region at SmaI and HindIII sites to create the plasmid pDB100. pDB100 therefore contains an expression cassette for the GFP-YTA6-ASH1/E3 fusion construct regulated by the MET25 promoter.
Microscopy and Image Processing
Microscopy and digital imaging, including optical sectioning, was performed as described in Shaw et al. (1997) . Five optical sections, images taken at different focal planes ranging through the cell, were taken at 0.75-m increments through the cell for a total of 3.0 m/time point. The central optical section, including both a transmitted light and an epifluorescent (GFP) image was focused at the cell neck. Images were captured with the use of a Hamamatsu Orca II (model C4742-98) charge-coupled device camera mounted on a Nikon Eclipse E600FN with the use of 100ϫ 1.4 NA Plan Apochromat objective with 1ϫ magnification to the camera. The Metamorph software package (Universal Imaging, Downington, PA) for the Windows operating system was used for microscope automation, image acquisition, and image analysis. Images for publication were manipulated for scaling, size, resolution, and arrangement with Windows versions of Photoshop (Adobe Systems, Mountain View, CA) and Corel Draw (Corel, Ottawa, ON, Canada). Composite images of cells were generated with the use of the "3D Reconstruction" function of Metamorph set for a single plane construction with the use of the brightest elements from each image.
gRNA ASH1 velocity measurements were obtained measuring the point-to-point movements of the gRNA ASH1 spots. The distance of spot movements at 1-min intervals provided instantaneous velocities representing a minimal speed at each time point, and averaged over time. Only movements between sequential images were considered for velocity measurements. Because the spots frequently change direction between long time points, continuous velocities could not be measured.
RESULTS AND DISCUSSION
In Vivo mRNA Labeling
To construct an in vivo labeling system for mRNA, we used the site-specific RNA binding coat protein of the bacteriophage MS2. MS2 is a ϩ strand RNA bacteriophage infecting F ϩ Escherichia coli by binding the pili, rod-like extensions from the cell body. Late in the infection cycle, the coat protein binds MS2 genomic RNA preventing translation of the Replicase and coat protein genes, while allowing translation of the Lysis gene. These events precede complete encapsulation of the MS2 RNA genome by the coat protein, and lysis of the bacterial cell (Brock et al., 1994) . The MS2 binding site is a 23-bp sequence (5Ј-AAACAUGAG-GAUUACCCAUGU-3Ј) that forms a stem loop structure bound by a homodimer of the coat protein (Peabody, 1990) . Placement of the binding site adjacent to a start codon is sufficient to block translation initiation in both bacteria (Peabody, 1990 ) and budding yeast (Stripecke et al., 1994) when bound by the coat protein. The MS2 coat protein binding site is absent from the S. cerevisiae genome (see MATERIALS AND METHODS), making integrated binding sites unique such that the MS2 coat protein recognizes only recombinant mRNA transcripts containing the MS2 coat protein binding site. The mRNA labeling system consists of two components ( Figure 1 ): a recombinant RNA transcript, including "Your Favorite Gene" with two tandem MS2 binding sites, and a fusion protein combining the MS2 coat protein and the green fluorescent protein (Beach et al., 1999) .
The 3Ј UTR of the ASH1 mRNA encodes signal sequences sufficient for mRNA transport and anchorage within the bud. Unlike other localized mRNAs, the coding region of the ASH1 message also includes targeting sequences capable of localizing the mRNA (Chartrand et al., 1999; Gonzalez et al., 1999) . Our studies use a reporter construct, including two tandem repeats of the MS2 binding sites and the entire ASH1 3Ј UTR (Beach et al., 1999) . Expression of the MS2-ASH1 3Ј UTR fusion from a constitutively active promoter (RNA polymerase III-specific) allows the visualization of a localized reporter transcript throughout the cell cycle.
The MS2 coat protein fusion with GFP (CP-GFP) produces a fluorescent protein targeted to the recombinant transcript (Figure 1) . Expression of CP-GFP alone results in a diffuse distribution of GFP fluorescence throughout the cytoplasm (Beach et al., 1999) . Attenuation of the CP-GFP fusion protein production via a regulated promoter (the MET25 promoter) reduces background fluorescence within the cell. Coexpression of the MS2-ASH1 3Ј UTR transcript with CP-GFP results in spots of GFP fluorescence localized to the bud tip ( Figures  1 and 2 ). Termed gRNA, these gRNA ASH1 spots localize as predicted from in situ labeling of ASH1 mRNA in fixed cells (Long et al., 1997; Takizawa et al., 1997) .
gRNA Localization in Wild-Type Cells gRNA ASH1 spots are clearly visible at the bud tip during bud growth (Figure 2, a and b) , and gRNA ASH1 spots are motile within a small domain at the bud tip in time-lapsed images of the cells (video sequence 1). Sequential images taken through the cell at 0.75-m intervals indicate that the gRNA ASH1 spots remain associated with the cell cortex and spots remain within ϳ0.3 m of the bud tip. Spot movements within this region appear to be random because gRNA ASH1 spots frequently move only short distances before changing direction, even when imaged at three frames per second (our unpublished results). The average movement rate of the spot at the bud tip is 0.3 m/min (n ϭ 10) (Beach et al., 1999) .
Late in the cell cycle, after cessation of bud growth and before cell separation, the gRNA ASH1 relocalizes to the mother-bud neck. Migration of the gRNA ASH1 toward the bud neck occurs 25 Ϯ 5 min (n ϭ 6) before cell separation (compare Figure 2 , b and c; video sequence 1) and is more rapid than restricted movement at the bud tip, with velocities averaging ϳ1 m/min (n ϭ 4). gRNA ASH1 at the neck remains motile, forming a single spot between the mother and bud domains. In a subset of cells, gRNA ASH1 at the neck divides into independent spots in the mother and the bud (see video sequence 1). Spot separation precedes cell separation by ϳ10 -15 min and correlates temporally with the completion of cytokinesis (Bi et al., 1998) . gRNA ASH1 is then positioned at the incipient bud site for the ensuing cell cycle (Figure 2d ; video sequence 1).
When presented with mating pheromones from cells of opposite mating type, yeast enter a period of highly polarized growth resulting in the formation of a mating projection or shmoo. Entry into the mating cycle and growth of the mating projection is another example of polarized growth in budding yeast. gRNA ASH1 is localized at the tip of the mating projection before cell-cell contact, and remains at the isthmus between the cells after they fuse (Figure 3a , video sequence 2). One or more gRNA ASH1 spots remain within proximity of the site of cell fusion, and retain motility, moving back and forth within the isthmus between the cells. gRNA ASH1 localizes exclusively to the incipient bud site (compare Figure 3 , a and b) ϳ20 min before emergence of the first diploid bud (Figure 3c) .
The cell cycle-dependent localization of ASH1 mRNA is similar to the transient localization of a number of polarity determinants (Pringle et al., 1995) , including Bni1p and Bud6p. Both proteins act to establish cell polarity through the actin cytoskeleton as well as to maintain ASH1 mRNA localization (see below). Bni1p is localized to the site of cellular growth in the bud and returns to the neck before cell separation (Ozaki-Kuroda et al., 2001) . In contrast, Bud6p is distributed as punctate spots throughout the bud cortex, enriched at the bud tip and neck during cell growth, and forms two rings on mother and bud sides of the neck before cell division (Amberg et al., 1997; Beach et al., 1999; Segal et al., 2000) . Results from both vegetative and mating cells demonstrate that the ASH1 mRNA is directed to sites of polarized growth.
Changes in the polarity of the actin cytoskeleton are mirrored in ASH1 mRNA localization. Actin filaments reorient toward the neck concomitant with the completion of mitosis (Adams and Pringle, 1984) , potentially in concert with the migration of Bni1p and Bud6p to the neck. Initially polarized toward the incipient bud site, the actin cytoskeleton remains polarized toward the bud tip through anaphase onset then reorients toward the neck before cytokinesis (Adams and Pringle, 1984) , as observed for ASH1 mRNA. The repositioning of anchored mRNA could be facilitated by transport along repolarized actin filaments, repositioned along with the cortical anchors She5p/Bni1p and Bud6p/ Aip3p, or both.
she Mutants: Particle Formation
The initial step for mRNA localization is the packaging of transcripts into transport particles (Ainger et al., 1993; Ferrandon et al., 1994; Theurkauf and Hazelrigg, 1998; Wilhelm et al., 2000) . Although gRNA ASH1 forms particles in wildtype strains, we observed a decrease in the number of cells containing gRNA ASH1 spots in a she2 mutant strain (Table 2; Bertrand et al., 1998) and incomplete particle aggregation in both she2 and she4 cells (Figure 4 ). To be certain that spots observed in these strains were due to ASH1 mRNA aggregation and not MS2 coat protein multimers, we detected the reporter transcript with the use of a modified coat protein (pCP/FG-GFP; see MATERIALS AND METHODS). A deletion of the FG loop in the dlFG allele of the MS2 coat protein inhibits protein-protein interactions required for oligomerization of the coat protein and viral capsid formation (Peabody and Ely, 1992). Expression of CP/FG-GFP in the absence of the reporter transcript produced fluorescent spots in Ͻ1% of the cells (Table 2 , YEF473 pCP/FG-GFP). gRNA ASH1 spots are observed in ϳ3.5% of she2 cells, onethird fewer than an isogenic wild-type strain (Table 2 ). In a she4 strain, cells containing gRNA ASH1 spots are observed at frequencies similar to wild type (Table 2) , whereas the frequency of cells containing fluorescent spots in the double mutant she2 she4 are reduced to the value of the she2 single mutant (Table 2) .
In she2 and she4 mutant cells containing gRNA ASH1 spots, multiple spots are observed, whereas wild-type cells maintain only one to two localized spots. Of time-lapsed cells, 67% of she2 (n ϭ 10) and 72% of she4 (n ϭ 18) cells contained three or more spots distributed between mother and bud ( Figure 4 , b and e; video sequences 3 and 4). The number of spots varied between cells, and a maximum of six independent, motile spots was observed in a single she4 cell. Inspection of individual optical sections (see MATERIALS AND METHODS) reveals that the gRNA ASH1 spots in either strain are not associated with the cell cortex. Spots observed in she2⌬ and she4⌬ cells were motile with average velocities of 0.93 Ϯ 0.56 m/min (n ϭ 3) and 0.61 ϩ/-0.19 m/min (n ϭ 4), respectively. These rates are similar to ASH1 mRNA in other she mutants (see below) and two-to threefold faster than spots at the bud tip in wild-type cells. To illustrate the distribution and movements of gRNA ASH1 spots in she2 and she4 cells, multiple frames from each time lapse are combined to form the composite images shown in Figure 4 , c and f. These images represent 15 consecutive images captured at 1-min intervals to demonstrate spot dynamics in a single image. The formation of multiple spots illustrates a loss of efficient ASH1 mRNA packaging in the absence of She2p or She4p.
Binding of the ASH1 mRNA by She2p likely initiates particle formation, yet a functional transport particle requires additional nuclear and cytoplasmic proteins. Whether She2p binds the mRNA within the nucleus or the cytoplasm remains unknown. The nuclear protein, Loc1p is a novel protein affecting ASH1 mRNA localization (Long et al., 2001) . Although the ASH1 mRNA is exported from the nucleus in loc1 cells, the transcript is distributed throughout the cell, resulting in a she phenotype (Ash1p in mother and daughter nuclei). The diffuse appearance of the mRNA in loc1 cells indicates an inability to form particles. Thus, Loc1p may facilitate mRNA folding or otherwise assist in loading She2p onto the ASH1 transcript to initiate particle aggregation. She2p interactions with the nuclear importin Srp1p (Uetz et al., 2000) implicates She2p binding of the ASH1 mRNA within the nucleus before export or in conjunction with nuclear export of the transcript. The CP-GFP fusion used in these studies is capable of distinguishing between nuclear and cytoplasmic transcripts (Beach et al., 1999) . Because we did not detect a nuclear GFP signal in she2 cells (Figure 4) , She2p is apparently not required for nuclear export of the mRNA. Finally, She2p bound to the ASH1 transcript is required for the recruitment of She3p and subsequently She1p/Myo4p to form a mature transport particle (Munchow et al., 1999; Bohl et al., 2000; Long et al., 2000; .
she4 mutants display defects in actin filament polarity, bud site selection, and endocytosis (Wendland et al., 1996) . She4p is distributed throughout the cytoplasm and does not colocalize with the ASH1 mRNA, indicating that She4p does not specifically bind the ASH1 mRNA (Bertrand et al., 1998; . Because perturbations of the actin cytoskeleton affect ASH1 mRNA localization without disrupting gRNA ASH1 particle formation (Long et al., 1997; Takizawa et al., 1997; Beach et al., 1999 ; see below), the incomplete particle aggregation in she4 mutants reflects additional complexities in efficient particle formation.
she Mutants: Motors and Motor Attachment
In the absence of She1p/Myo4p, a type V myosin, the gRNA ASH1 is no longer transported into the bud, although transcripts assemble into a discrete spot and remain motile ( Figure 5 , a-c; video sequence 5). The single spot (Figure 5b ) moves throughout the mother cell at an average velocity of ϳ0.6 m/min (Beach et al., 1999) . The composite image (Figure 5c ) illustrates the movement of the spot over a period of 20 min taken from 20 sequential frames (video sequence 5). Observation of individual optical sections taken at increments of 0.75 m indicates that the gRNA is cytoplasmic, contrasting with the cortical localization of the gRNA spots in wild-type cells. Although gRNA ASH1 mRNA particles were never observed to cross the mother bud neck, spots accumulate in the daughter cell late in the cell cycle (video sequence 5). The accumulation of gRNA ASH1 in the bud presumably results from transcription within the daughter nucleus after anaphase.
Myo4p represents one of two class V myosins identified in budding yeast. Myo4p is suspected to have arisen from a gene duplication event of a second, class V myosin in yeast, MYO2, diverging in the globular tail domain (Haarer et al., 1994) . In contrast to the dedicated role of Myo4p in RNA transport, Myo2p is a multifunctional motor protein responsible for vesicular and vacuolar traffic (Pruyne and Bretscher, 2000) as well as the transport of Kar9p into the bud (Beach et al., 2000; Yin et al., 2000) . Myo2p-dependent transport of Kar9-GFP follows actin cables from the mother to the bud at an average velocity of ϳ90 m/min (Beach et al., 2000) . In contrast, the Myo4p-dependent transport of ASH1 mRNA follows a nonlinear path at rates of 30 m/min (Bertrand et al., 1998) . Transport via both motors requires actin filaments. Depolymerization of actin filaments in tropomyosin mutant cells inhibits Myo2p-and Myo4p-depen- dent transport (Long et al., 1997; Pruyne et al., 1998; Beach et al., 2000) .
Attachment of the gRNA ASH1 to the myosin motor protein is mediated by She3p. Time-lapse images of gRNA ASH1 spots in she3 cells are similar to the she1/myo4 strain ( Figure  5 , d-f; video sequence 6). gRNA ASH1 spots are confined to the mother in she3 cells and move at a velocity of 0.8 Ϯ 0.2 m/min, similar to gRNA ASH1 in she1/myo4 cells. A composite image (Figure 5f ) illustrates the motility and range of the gRNA ASH1 in the she3 cells. Spots are cytoplasmic, as determined by observation of the optical sections, and new spots appear within the bud late in the cell cycle (video sequence 6) as seen in she1/myo4 cells. Biochemical evidence supports a role for RNA loading onto She1p/Myo4p via She3p in association with She2p, and She1p/Myo4p and She3p form a complex in the absence of She2p or ASH1 mRNA (Munchow et al., 1999; Bohl et al., 2000; Long et al., 2000; . Because an RNA particle forms in the absence of She3p, inclusion of a She3p-She1p complex is not required for particle formation. Thus, She3p acts as an adapter between She1p/Myo4p with the ASH1 transcript.
The myosin motor She1p/Myo4p tethers the ASH1 mRNA particle to actin. Cortical association of the mRNA is lost when Myo4p is unable to bind the mRNA in she1/myo4, she3, and she2 deletions. Thus, Myo4p, and the intervening proteins She2p and She3p serve as links connecting filamentous actin and the mRNA. Because particles formed in she4 cells are cytoplasmic, She4p may contribute to the cortical association of the mRNA as well, potentially facilitating the cross talk between actin polarity and mRNA particle formation.
she Mutants: Polarity Markers and Cortical Anchorage
Anchorage of the gRNA ASH1 at the bud tip requires both She5p/Bni1p and Bud6p. Previous reports indicated that the ASH1 mRNA relocalized to the bud neck in fixed populations of she5/bni1 cells (Long et al., 1997; Takizawa et al., 1997; Bertrand et al., 1998) . Subsequent live cell analysis revealed that the ASH1 mRNA is localized to the bud in a she5/bni1 strain but is not restricted to the bud tip as observed in wild-type cells (Beach et al., 1999) . The gRNA ASH1 spot returns to the neck before cell separation, which may establish a stable position for the mRNA as observed in fixed cell analyses. A single time point from the time-lapse series shows that the gRNA ASH1 can be positioned adjacent to the neck (Figure 6b ). Figure 6c represents 20 sequential images over a period of 20 min and demonstrates the dynamic distribution of the RNA throughout the bud over time (video sequence 7). gRNA ASH1 spots move throughout the bud in the absence of She5p/Bni1p and are not observed in the mother cell ( Figure 6 , b and c; video sequence 7). The gRNA ASH1 spots remain associated with the cortex, as determined from individual optical sections taken at 0.75-m intervals through the cell. The fluorescent spot moves on the bud cortex at ϳ0.5 m/min (n ϭ 4) (Beach et al., 1999) .
Live cell analysis of gRNA ASH1 dynamics unveiled a sixth protein, Bud6p/Aip3p, required for proper ASH1 mRNA localization (Beach et al., 1999) . Because both She5p/Bni1p and Bud6p/Aip3p are required to preserve cortical association of the microtubule anchor protein, Kar9p (Miller et al., 1999; Beach et al., 2000) , we examined the role of Bud6p in the localization of ASH1 mRNA. In the absence of Bud6p, gRNA ASH1 spots move throughout the bud, remaining associated with the cortex as seen for she5/bni1 cells (Figure 6, video sequence 8) . A similar result is observed in bni1 bud6 double mutants such that the gRNA ASH1 spot remains associated with the cortex yet not restricted to the bud tip (our unpublished results). The motile spots have an average velocity of ϳ0.5 m/min (Beach et al., 1999) . Figure 6e contains a single time point, where the gRNA ASH1 spot is mislocalized to the neck, whereas Figure 6f is a composite image consisting of 20 consecutive frames representing 20 min. The composite images of she5/bni1 and bud6/aip3 cells demonstrate the continued motility of the gRNA ASH1 and dynamic distribution in these cells that is not seen in wild type (compare Figure 6 ,c, f, and i).
Bni1p/She5 and Bud6p/Aip3p are bud-specific proteins that appear to act as cell polarity cues within the bud. Both proteins participate in diploid bud site establishment, actin polarity, and alignment of the mitotic spindle (Amberg et al., 1997; Evangelista et al., 1997; Lee et al., 1999; Yeh et al., 2000) . In the absence of either Bni1p or Bud6p, the ASH1 mRNA is released from a tight association at the bud tip. Although the actin cytoskeleton is disrupted in the bni1 and bud6 cells, the effect is not sufficient to inhibit directional transport of the message between the mother and bud. An intact linkage to the cortex, presumably through She3p and She4p (myosin V), indicates that Bni1p/She5p and Bud6p/Aip3p are not required for cortical interactions. Because both proteins populate the cortex at the bud tip (see above), mislocalization of the ASH1 mRNA in she5/bni1 or bud6/aips cells probably results from a loss of specific mRNA anchorage at the bud tip.
Bni1p/She5 and Bud6p/Aip3p also are required for localization of Kar9p to the bud cortex. Kar9p establishes microtubule and nuclear orientation early in the cell cycle by providing a polarized anchorage site for microtubules (Miller and Rose, 1998; Miller et al., 1999; Beach et al., 2000) . In the absence of Kar9p, Bni1p, or Bud6p, the orientation and dynamics of the mitotic spindle are disrupted (Lee et al., 1999; Yeh et al., 2000) . Although Kar9p is lost from the cortex in bni1 and bud6 cells, the ASH1 mRNA remains cortical and maintains particle integrity (see above). In addition to Bni1p and Bud6p, Spa2p localizes to the bud tip and is required with Bud6p for Bni1p localization (Ozaki-Kuroda et al., 2001) . Taken together, these three proteins provide a nexus at the bud tip linking positional cues and asymmetric anchors.
mRNA Asymmetry Does Not Define Protein Localization
In addition to bud-specific proteins (i.e., Bni1p, Bud6p, Cdc42p, Sec3p, etc.), mother-specific proteins such as Yta6p have been identified. A screen for yeast orthologs of human proteosome constituents identified, among other genes, YTA6 (Schnall et al., 1994) , a member of the AAA ATPase family (Vale, 2000) . A GFP-Yta6 fusion protein forms punctate spots of fluorescence specifically on the mother cortex that are absent from the bud cortex of small and medium budded cells (Figure 7 , a-e; video sequence 9). In cells with large buds, GFP-Yta6 begins to accumulate within the bud near the time of anaphase onset ( Figure 7 , aЈ-eЈ; video sequence 9). GFP-Yta6 first appears in the bud as small, dim spots, which increase in number and brightness with time. Spots remain relatively stationary in either mother or bud, appearing to move within small domains (video sequence 9). The localization of GFP-Yta6 was unchanged in cells deleted for the chromosomal YTA6 locus (our unpublished results).
To determine the contribution of mRNA targeting versus peptide sequences for protein localization, we fused the ASH1 3Ј UTR downstream of the YTA6 coding region to direct mRNA into the bud. The fusion places the E3 domain of the ASH1 3Ј UTR downstream of the GFP-Yta6, and includes MS2 sites to visualize the transcript. Expression of the GFP-YTA6-MS2-ASH1/E3 (referred to as GFP-Yta6-ASH1) fusion protein in unsynchronized, haploid cells resulted in a distribution of fluorescent spots similar to those seen for GFP-Yta6. The GFP-Yta6-ASH1 protein formed nonmotile, punctate spots of fluorescent throughout the mother cortex of unbudded, small, and medium budded cells, and accumulated in large budded cells (see Figure 7 , g and h, for representative images).
To determine the localization of the GFP-Yta6-ASH1 fusion mRNA, we coexpressed the fusion protein with CP-GFP. Coexpression of both GFP fusion proteins in unsynchronized, haploid yta6⌬ cells produced the wild-type distribution of GFP-Yta6 spots within the mother, and a single, bright spot at the bud tip (Figure 7f ; video sequence 10). The fluorescent spot at the bud tip is exclusive within the bud and localized tightly to the bud tip. The fluorescent spot at the bud tip appears brighter than GFP-Yta6 on the mother cortex and was not observed in cells lacking CP-GFP. Late in the cell cycle, GFP-Yta6-ASH1 spots accumulate in the bud as observed for wild-type cells (Figure 7g ; video sequence 10). Thus, directing the YTA6 mRNA into the bud did not alter the mother specific localization of the protein.
The maternal localization of the GFP-Yta6-ASH1 fusion protein could result from protein expressed in the previous cell cycle. To evaluate the distribution a protein transcribed from a mRNA localized within the bud, we restricted ex- pression of the fusion protein to large budded cells. Cells were arrested at mitosis with large buds before GFP-Yta6-ASH1 induction (see MATERIALS AND METHODS). All of the cells observed contained GFP-Yta6-ASH1 fluorescent spots within the mother (n Ͼ 500), similar to wild-type GFP-Yta6. We conclude that the localization of the GFP-YTA6-ASH1 fusion protein is not altered by directing the mRNA to the bud tip.
The resulting position for Ash1p, GFP-YTA6, or GFP-YTA6-ASH1 is indicative of a hierarchy of peptide signals over RNA localization signal sequences. Transcription of ASH1 late in the cell cycle and restricted translation of the protein to the bud results in the preferential accumulation of Ash1p in the daughter nucleus. However, Ash1p is equally competent to enter either nucleus, as evident upon overexpression of ASH1. Thus, in the absence of stringent regulation of mRNA localization and protein levels the protein accumulates in both nuclei. In contrast, the mother-specific localization of Yta6p is not affected by transcript localization. Localized mRNA translation therefore does not override the protein localization machinery.
Extensions of Live Cell Imaging
The extension of live cell imaging to the "RNA world" enables cell biologists to follow the path of mRNA transcripts in live cells. Whole genome screening and empirical observation have identified additional asymmetrically distributed transcripts, including a second bud-specific mRNA, IST2 , as well as nuclear messages targeted to the mitochondria (Corral-Debrinski et al., 2000) . Such facilitated placement of messages within the already compact yeast cell illustrates the biological importance of site-specific translation. Cross talk between cell polarity determinants and the mRNA localization pathway indicate synergy between mechanisms establishing cell polarity and mRNA localization. The coupling of these inherently asymmetric processes is likely to represent conserved features responsible for establishing asymmetries in development. The localization of Yta6-ASH1 fusion protein and mRNA is shown in a cell expressing GFP-Yta6-ASH1 3Ј UTR fusion and CP-GFP (video sequence 10). The mRNA is localized to the bud tip throughout the time lapse (f and g), whereas the Yta6-Ash1 fusion protein is only in the mother in small budded cells (f) and in both mother and bud in large budded cells (g). Numbers in the lower right corner (f and g) represent an elapsed time (hh:mm) corresponding with video sequence 10. Bars (top and bottom), 5 m.
